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Abstract
We examined three-dimensional binocular positions in the alert and sleepy monkeys. In contrast to the tightly yoked eye
movements observed in alertness, the eyes were usually converged, vertically misaligned and had a much larger torsional variability
during light sleep. While in alertness eye position vectors were conﬁned to fronto-parallel planes, the corresponding planes were
rotated temporally (e.g. leftward for the left eye) in light sleep. There was no correlation between temporal rotation of the eye
position planes and horizontal vergence. All these observations can be explained by randomly innervated extraocular muscles that
are rotating the two eyes about anatomically determined axes.  2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
In a previous monocular study of the slow eye
movements observed during light sleep (Cabungcal,
Misslisch, Scherberger, Hepp, & Hess, 2001), we found
not only that the variability of the torsional component
strongly increased but also that the three-dimensional
(3D) position vectors of the eye lay in temporally ro-
tated planes. This means that eye positions in light
sleep do not obey Listing’s law, which states that eye
positions––if expressed as rotation vectors (Haustein,
1989), or quaternions (Tweed, 1987) in Listing’s coordi-
nates––are conﬁned to a fronto-parallel plane (Listing’s
plane) such that torsion is zero (Helmholtz, 1867). Thus,
the pattern of eye movements observed during saccades,
ﬁxation and smooth pursuit of distant targets (Hasl-
wanter, Straumann, Hess, & Henn, 1992; Tweed & Vilis,
1990; Tweed, Fetter, Andreadaki, Koenig, & Dichgans,
1992) breaks down in light sleep, which in turn suggests
the need of precisely coordinated neural commands in
normal function. But why did the eye position vectors lie
in planes that were systematically rotated to the side of
the measured eye? A number of studies on 3D eye po-
sitions during near target ﬁxations invariantly reported
a rotation of the right eye position plane to the right and
of the left eye position plane to the left (humans: e.g.
Mok, Ro, Cadera, Crawford, & Vilis, 1992; Minken &
van Gisbergen, 1994; Bruno & van den Berg, 1997;
monkey: Misslisch, Tweed, & Hess, 2001). This temporal
plane rotation means that downward eye positions were
accompanied by clockwise (cw) torsion in the right and
counterclockwise (ccw) torsion in the left eye (extorsion)
and vice versa for upward eye positions (intorsion).
The amount of temporal plane rotation was closely
correlated with the amount of horizontal vergence, a
behavior named binocular extension of Listing’s law,
abbreviated L2 (Tweed, 1997). One aim of the present
study was to measure 3D binocular eye movements to
determine whether eye positions are organized in tem-
porally rotated planes in light sleep, i.e. in a condition
where the neural commands become uncoordinated.
The neural basis of binocular coordination is one of
the oldest and most fundamental issues in oculomotor
research. One view holds that each eye is controlled
separately and that binocular coordination is learned
(Helmholtz, 1867). According to the competing opinion,
the functional connectivity of the eye movement system
is hardwired, such that the brain controls the motion
of each eye by sending equal neural commands to
them (Hering, 1868). Numerous studies have supported
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Hering’s law (e.g., Sharpe, Silversides, & Blair, 1975;
Mays, 1984; Moschovakis, Scudder, & Highstein, 1990),
but other, more recent, work on the coding properties
of oculomotor and premotor neurons and on 2D rapid
eye movements (REM) during sleep has challenged the
traditional assumption of equal oculomotor innervation
(e.g., Zhou & King, 1997, 1998). Because the eye is ca-
pable of rotating around any axis in 3D space (Nagel,
1868), a complete examination of Hering’s principle of
binocular coordination requires measuring eye move-
ments in all three dimensions, i.e. horizontal, vertical
and torsional. Furthermore, if Hering’s principle does
not rely on active mechanisms but is simply hardwired
binocular coordination should not depend on the head’s
orientation with respect to gravity. Thus, another aim of
the present study was to examine binocular coordination
of 3D eye movements in light sleep in upright and dif-
ferent head roll and pitch orientations. Preliminary re-
sults have been reported in abstract form (Cabungcal,
Misslisch, Scherberger, Hepp, & Hess, 2000).
2. Methods
2.1. Preparation of animals
Experiments were performed on three juvenile rhesus
monkeys (Macacca mulatta: SU, RO, JU) weighing
about 4 kg. Under sterile procedure, animals were
chronically prepared for binocular 3D eye movement
recordings. For this, animals were chronically implanted
with a head holder device and scleral search coils as
described in detail in Cabungcal et al. (2001). All sur-
gical procedures were carried out under inhalative
anaesthesia with mixtures of O2–N2O, which was sup-
plemented with halothane to maintain a constant level
of anaesthesia. After each surgery, animals were treated
with antibiotics and analgesics. All procedures were
in accordance with the National Institute of Health
Guide for the Care and Use of Laboratory Animals and
approved by the Veterinary Oﬃce of the Canton of
Z€urich.
2.2. Three-dimensional binocular eye movement recording
The positions of the two eyes were measured with the
magnetic search coil technique using an Eye Position
Meter 3000 (Skalar Instruments, The Netherlands). 3D
position of the left and right eye was calibrated in an in
vitro and in vivo procedure as described elsewhere
(Hess, Van Opstal, Straumann, & Hepp, 1992). In short,
the magnitudes of the coil sensitivity vectors as well as
the angle between the two coils that constituted the dual
assembly were computed before the implantation in an
in vitro procedure. Before each experimental session,
animals repeatedly ﬁxated three LEDs located at
straight ahead or 20 down and 20 up at a distance of
0.8 m (in vivo calibration). The coil output voltages
measured during target ﬁxations were used together
with the in vitro determined coil parameters to compute
the oﬀset voltages and the orientation of the search coil
on each eye.
2.3. Experimental protocols
Animals were seated in a primate chair with their
heads restrained in a 15 nose-down position such that
the lateral semicircular canals were approximately earth-
horizontal (B€ohmer, Henn, & Suzuki, 1985; Reisine,
Simpson, R€udinger, & Henn, 1985). For the experiment,
animals were placed inside a 3D vestibular rotator with
three computer-controlled axes (Acutronic, Jona, Swit-
zerland). A lightproof sphere of 0.8 m radius sur-
rounded the animal such that recordings could be made
in complete darkness.
During experiments, animals were initially positioned
in upright and then rolled or pitched into 10 diﬀerent
positions. Spontaneous eye movements were recorded
in each of the 10 static roll and 10 static pitch positions
(0 to 100, in steps of 20; with positive/negative roll
or pitch representing clockwise (cw)/counterclockwise
(ccw) or downward/upward head orientation). In the
alert trials, the monkey’s attention was drawn to various
targets in the visual ﬁeld in order to elicit eye movements
over the entire oculomotor range. To study eye move-
ments in light sleep, animals were left for 5–10 min in
complete darkness until they fell into light sleep, which
was indicated by a loss of all REM and steady ﬁxations
as described previously (Cabungcal et al., 2001). Each
trial consisted of 92 s of saccades, ﬁxations and smooth
pursuit (alert) or usually between 60 and 90 s of slowly
drifting and oscillating eye movements (light sleep) that
were sampled at a rate of 500 Hz. In each animal, we
collected between 15 and 25 trials for each static roll and
pitch position during both the alert and light sleep state.
2.4. Data analysis
We represented 3D binocular eye position as rotation
vectors (Haustein, 1989) in the coordinate system de-
ﬁned by the magnetic ﬁeld (x-axis: naso-occipital, y-
axis: interaural, z-axis: orthogonal to x- and y-axes;
Figs. 1,3–5 and 7). By convention, positive components
of the eye rotation vector represent cw, downward and
leftward eye position. Using these rotation vectors, we
computed the best-ﬁt planes to 3D binocular eye po-
sition in alertness and light sleep (for details see
Cabungcal et al., 2001). Note that the best-ﬁt plane on
the eye rotation vectors collected during alertness (sac-
cades, ﬁxations, smooth pursuit) is referred to as List-
ing’s plane (e.g. Haslwanter et al., 1992; Tweed et al.,
1992; Tweed & Vilis, 1990) whereas there is no such term
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for the plane ﬁtted on eye position vectors obtained in
light sleep. In this paper we use the more general term
‘‘best-ﬁt plane’’ when determining the geometrical
properties of binocular eye position data during light
sleep.
To allow for a comparison of the oculomotor range
of the left and right eye during alertness and light sleep,
we rotated all eye rotation vectors from magnetic ﬁeld
coordinates into Listing’s coordinates of each eye (see
Fig. 2) and computed the minimal rectangle that con-
tained all eye position vectors. To determine the vertical
alignment of the two eyes, we expressed 3D binocular
eye position in Helmholtz coordinates yielding hori-
zontal and vertical (Helmholtz) vergence (Helmholtz,
1867; Hepp, Henn, Vilis, & Cohen, 1989). We examined
the relation between the eye rotation axes measured in
light sleep with the anatomically deﬁned rotation axes
of the extraocular muscles as reported by Suzuki et al.
(1999). To allow for a direct comparison, we rotated our
eye rotation vectors expressed in magnetic ﬁeld coordi-
nates into the stereotaxic coordinates used by Suzuki
and coworkers (Fig. 7).
We expressed binocular torsional variability by the
standard deviation of torsional left and right eye posi-
tion from their best-ﬁt plane (called ‘‘plane thickness’’).
We compared the magnitudes of the torsional standard
deviations obtained for left and right eye position data
collected in alertness and light sleep by computing the
coeﬃcient of variation (CV). The CV of the plane
thickness was computed as the ratio of the standard
deviation of the plane thickness to the mean plane
thickness obtained from the three animals and all trials:
CVplane thickness ¼ SDðplane thicknessÞ=meanðplane thicknessÞ
ð1Þ
The standard deviation of CV was estimated by
sCV ﬃ CV=
ﬃﬃﬃﬃﬃﬃ
2N
p
(see Sokal & Rohlf, 1998). To quantify
the inﬂuence of the head’s roll orientation, we computed
the CV of the plane thickness for each eye and for all
head roll orientations, in both alertness and light sleep.
Then, the CV of the plane thickness for the left and right
eye obtained for all roll orientations was ﬁtted with a sum
of sines with ﬁrst- and second-order harmonics (Fig. 6):
CVplane thickness ¼ a0 þ a1 sinðqþ c1Þ þ a2 sinð2qþ c2Þ
ð2Þ
where a0 is torsional oﬀset, a1 and a2 are the amplitudes,
c1 and c2 are the phase of the ﬁrst and second order
harmonic component, and q is the head roll angle. Third-
or higher-order harmonics did not contribute signiﬁ-
cantly to the ﬁt. For both alert and light sleep data, we
tested for a signiﬁcant diﬀerence between the CVs of the
left and right eye using a student t-test (p < 0:05) and a
two-way analysis of variance (ANOVA).
3. Results
This study shows that in light sleep (1) the left and
right eye diﬀer markedly in their horizontal, vertical and
torsional positions; (2) the position vectors of the two
eyes lie in temporally rotated planes for all body ori-
entations; (3) the temporal rotation of the two eye po-
sition planes is not correlated with the amount of
horizontal vergence; (4) the relation between ocular
torsional variability and head roll diﬀers in the two eyes.
3.1. Diﬀerences in three-dimensional left and right eye
position during light sleep
Alert subjects show highly conjugate 3D positions of
the left and right eye during saccades, ﬁxations and
smooth pursuit of distant visual objects. This well-
known ﬁnding is illustrated in Fig. 1A, which plots the
torsional (Ex), vertical (Ey) and horizontal (Ez) compo-
nents of the left (black thin line) and right (gray thick
line) eye rotation vectors (in magnetic ﬁeld coordinates).
Data were obtained in an upright animal spontaneously
looking at distant targets in a structured visual envi-
ronment. The data reveal a high degree of conjugacy in
the vertical and horizontal components of eye position,
with the traces almost entirely superimposed. This high
degree of conjugacy was seen in all body orientations
tested. A small degree of disconjugacy is found only in
torsional position (generally <2), an observation that
is linked to small deviations in the orientations of the
Listing’s planes of the two eyes.
As reported in previous monocular studies (Cabung-
cal et al., 2001; Henn, Baloh, & Hepp, 1984; Kuhlo &
Lehman, 1964), eye motion in light sleep consists of slow
pendular drifts and oscillations. Until now the conjugacy
of 3D eye motion in sleeping subjects has not been ex-
amined. As seen in the example recording of Fig. 1B, 3D
binocular eye position is generally not aligned, i.e. hor-
izontal and vertical eye position traces do not overlay
when the eyes drift in light sleep. Nevertheless, the mo-
tion of the two eyes is to some extent yoked because
horizontal and vertical eye position changes usually in
the same direction albeit not by the same amount.
Moreover, we observed a systematic relationship be-
tween torsional eye position and vertical eye position:
negative torsion in the right eye and positive torsion in
the left eye when vertical position is down and vice versa
when vertical position is up. Note that this corresponds
to the pattern observed in alert subjects, when ﬁxating
near targets in diﬀerent elevations (humans: e.g. Mok
et al., 1992; Minken & van Gisbergen, 1994; Bruno & van
den Berg, 1997; monkey: Misslisch et al., 2001). How-
ever, in our light sleep data torsion varied as a function
of vertical eye position even when the eyes were not
converged (see Fig. 4).
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In the example of Fig. 1, vertical position of the two
eyes is mainly down whereas horizontal positions are
convergent (more positive, i.e. more leftward in the right
eye; more negative, i.e. more rightward in the left eye).
This was a general observation during light sleep. In
a quantitative analysis, we compared the alert and light
sleep condition for all three subjects. To this end, we ﬁrst
transformed the data obtained in upright body orien-
tation into Listing’s coordinates (see Section 2). Then,
we computed the oculomotor range averaged over all
trials as well as the average left and right eye position
(equal trial numbers in alert and light sleep condition;
monkey SU: 20, monkey JU: 18, monkey RO: 23).
Fig. 2 plots, for each eye, the horizontal and vertical
dimension of the average oculomotor range and the
average horizontal and vertical eye position (along the
ordinate and abscissa, top panels) in alertness (Fig. 2A)
and light sleep (Fig. 2B). The middle (bottom) panels
plot the horizontal and torsional (vertical and torsional)
components of the average oculomotor range and av-
erage eye position. In alertness, the horizontal, vertical
and torsional components of the mean oculomotor
range (rectangles) of the two eyes are almost identical in
all three subjects (Fig. 2A). The same holds for average
binocular eye position (open circles), which is located
close to primary position (zero intersect).
In light sleep, the average horizontal eye position
range has signiﬁcantly more rightward components
for the left eye (one-way ANOVA, F ð1; 60Þ ¼ 111:95,
p < 0:001) and more leftward components for the right
eye (one-way ANOVA, F ð1; 60Þ ¼ 26:23, p < 0:001) (see
top and middle panels in Fig. 2B). In other words:
during light sleep the two eyes were generally converged.
The average vertical oculomotor range also changed,
showing signiﬁcantly more downward components for
both eyes (left eye: one-way ANOVA, F ð1; 60Þ ¼ 26:23,
p < 0:001; right eye: F ð1; 60Þ ¼ 14:76, p < 0:001) (see
top and bottom panels in Fig. 2B). As observed in our
monocular study (Cabungcal et al., 2001), there was a
signiﬁcant increase in the range of torsional eye posi-
tions (left eye: one-way ANOVA, F ð1; 60Þ ¼ 64:96, p <
0:001; right eye: F ð1; 60Þ ¼ 57:52, p < 0:001) (see middle
and bottom panels in Fig. 2B). In agreement with the
changes in the average oculomotor range, the average
horizontal and vertical position of the left and right
eye deviated signiﬁcantly from primary position in all
animals (circles).
3.2. Temporal rotation of best-ﬁt eye position planes in
light sleep and its relation with horizontal vergence
Plotting torsional as a function of vertical eye posi-
tion (represented as rotation vectors, see Section 2) for
data obtained in alert animals looking at distant targets
revealed that the eye position vectors roughly lay in a
plane, which was almost parallel with the y-axis (repre-
senting vertical eye position) (Fig. 3A). In other words,
vertical eye position did not inﬂuence torsional eye po-
sition in far viewing alert animals. In general, the best-ﬁt
eye position planes of the left and right eye deviated on
average only by 0.1 (standard deviation 0:7), 0.2
(0.9) or 0.4 (0.9) in each of the three monkeys
(upright body orientation, monkey SU, JU, RO: 20, 18,
23 trials). This result hold not only when animals were
seated upright (top panel), but also when they were
placed in þ80 (cw) roll or in þ80 (down) pitch (middle
and bottom panels). Note that the eye position plane is
shifted along the x-axis in the roll condition (ocular
counterroll), but remains parallel with the y-axis (i.e.,
same amount of ocular torsion when looking up or
down).
Fig. 1. 3D binocular eye positions in alertness and light sleep. (A) In
alertness, the eye position recording consists of saccadic, ﬁxational and
smooth pursuit periods. As seen by the overlying thin black (left eye
position) and thick gray (right eye position) lines, the two eyes are
tightly yoked in the horizontal and vertical (bottom and middle panel)
but less so in the torsional dimension (top panel). (B) In light sleep, eye
movements contain slow drifts and oscillations (see Cabungcal et al.,
2001) and the two curves representing left and right eye position de-
viate considerably in all three components. Ex, Ey , Ez: torsional, ver-
tical and horizontal eye position. The graph shows 10 s (A) and 40 s
(B) of data, obtained in upright body orientation (subject SU).
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As mentioned above (Fig. 1), in our light sleep data
we did see a systematic relationship between torsional
and vertical eye position. To examine this relation in
more detail, we plotted our binocular data collected
during about 70 s of light sleep in the same format as in
Fig. 3A, i.e. torsional position as a function of vertical
position (Fig. 3B). When the animal is upright (Fig. 3B,
top panel), the position vectors for the left and right eye
were conﬁned to planes, with the plane ﬁtted to the left
(right) eye data rotated to the left (right). The same
pattern is seen when the animal was oriented in a roll or
pitch orientation.
In general, i.e. for all roll or pitch orientations, eye
position vectors obtained in alertness were invariantly
conﬁned to planes that were approximately parallel to
the y- and z-axis and eye position vectors obtained in
light sleep were conﬁned to temporally rotated planes.
Quantitatively, the best-ﬁt right eye position plane ro-
tated on average (n ¼ 507, three animals in upright and
10 roll as well as 10 pitch orientations) by 8:4 6:0
rightward, whereas the left eye position plane rotated on
average by 9:4 6:3 leftward. There is no diﬀerence in
the horizontal rotation of left and right best-ﬁt eye po-
sition plane (t-test, p < 0:05). In about 81% of all cases,
the planes ﬁtted to both eye position vectors rotated
temporally by 5 or more; in about 16% of all cases, one
of the eye position planes rotated more than 5; in only
about 3% of all cases, the temporal rotation of the eye
position planes was less than 5 in both eyes. As con-
ﬁrmed by applying a one-way ANOVA, the amount of
temporal plane rotation did not depend on static head
roll (left eye: F ð10; 228Þ ¼ 5:03, p < 0:001; right eye:
F ð10; 228Þ ¼ 4:68, p < 0:003) or head pitch (left eye:
F ð10; 216Þ ¼ 4:33, p < 0:0007; right eye: F ð10; 216Þ ¼
5:35, p < 0:009).
Previous studies in alert subjects who ﬁxated near
targets at diﬀerent elevations also found temporally ro-
tated eye position planes, i.e. elevation-dependent ocular
torsion in diﬀerent directions (cw versus ccw) in the two
eyes. These studies further showed that the amount of
temporal plane rotation increased as horizontal ver-
gence increased (‘‘binocular extension of Listing’s law’’,
humans: e.g. Mok et al., 1992; Minken & van Gisbergen,
1994; Bruno & van den Berg, 1997; monkey: Misslisch et
al., 2001). We examined whether a similar relationship
holds during light sleep, when the ﬁnely tuned neural
commands sent to the extraocular muscles become un-
coordinated (Henn et al., 1984; Cabungcal et al., 2001).
Fig. 4 plots the temporal rotation of the best-ﬁt eye
position plane as a function of averaged horizontal
vergence for the left (A) and right (B) eye. Data (gray
circles) were obtained in three animals sitting upright
during light sleep (n ¼ 61 trials; monkey SU: 20, mon-
key JU: 18, monkey RO: 23). Bars elongated along the
Fig. 2. Diﬀerences in average 3D oculomotor range (rectangles) and average 3D eye position (circles) during alertness (A) and light sleep (B).
Oculomotor range and mean eye position are roughly the same for the two eyes in alertness but deviate systematically in light sleep. For instance, the
left eye shows mostly rightward and the right eye mainly leftward horizontal position components (indicating convergence). Top/middle/bottom
panels: horizontal vs. vertical/horizontal vs. torsional/vertical vs. torsional components of oculomotor range and mean eye position, expressed in
Listing’s coordinates. Black, dark gray and light gray circles: RO, JU, SU. For more details, see text.
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abscissa denote 1 standard deviation from mean hori-
zontal vergence (averaged over each trial). The rela-
tionship predicted by the binocular extension of
Listing’s law, or L2, is illustrated by the dashed lines.
The result of linear regression analysis (solid lines) in-
dicates that there is no correlation between the temporal
rotation of the best-ﬁt planes and horizontal vergence in
the left eye (Fig. 4A, r2 ¼ 0:005) or right eye (Fig. 4B,
r2 ¼ 0:004). We did not ﬁnd a correlation between plane
rotation and vergence for the left and right eye position
data for almost all roll and pitch body orientations
(except for the left eye in 60 and 80 nose up). Thus, in
40 out of 42 cases (10 roll, 10 pitch, 1 upright––for left
and right eye) the relationship between (temporal) ori-
entation of the best-ﬁt plane and horizontal vergence as
predicted by L2 was absent.
Because in the analysis underlying the data shown in
Fig. 4 we ﬁtted a plane to eye position vectors sampled
over each single trial lasting about 70–80 s, one might
argue that a L2 pattern was present at least part of the
time. To determine whether the light sleep data also do
not adhere to the L2 pattern when examining instanta-
neous 3D eye position, we pooled all left or right eye
position vectors obtained in three animals (in each ani-
mal between 17 and 33 trials for each body orientation,
with each trial lasting between 70 and 80 s), in each of
the body roll and pitch orientations. Then, we applied a
linear regression analysis for each of the two eyes, ex-
amining whether there was a relation between the angle
of instantaneous temporal rotation and horizontal ver-
gence.
Fig. 5 plots left (A) and right (B) eye position vectors
collected in the same 61 trials (upright body orientation)
as shown in Fig. 4. And as in Fig. 4, the linear regression
line (solid line) reveals no correlation between the in-
stantaneous horizontal orientation of the eye position
vector and instantaneous horizontal vergence (left eye,
r2 ¼ 0:019; right eye, r2 ¼ 0:026). Consistent with the
best-ﬁt plane analysis, this result was seen for all other
body orientations (10 roll, 1 upright, 10 pitch conditions
with between about 50 and about 80 trials).
To determine the vertical alignment of the gaze lines
of the left and right eye, we transformed the same data
as shown in Figs. 4 and 5 from rotation vectors to
Helmholtz angles (see Section 2). Then, for each trial we
computed the mean vertical vergence over the positive
(con-) and negative (di-) vergence values. Finally, we
averaged the mean positive and negative vergence over
the 61 trials. Note that expressing eye position data in
Helmholtz coordinates implies that the two gaze lines
intersect only when vertical (Helmholtz) vergence is
zero. In fact, mean vertical vergence was close to zero in
the alert condition (þ0:34 0:48 and 	0:28 0:45).
However, in light sleep, vertical vergence showed con-
siderable values, averaging to about 5 (þ5.2 3:4
and 	4.7 2:3).
3.3. Torsional variability of left and right eye position in
various roll orientations
In an earlier monocular study (Cabungcal et al.,
2001), we observed a signiﬁcant increase in the vari-
ability of ocular torsion as a function of head roll. To
examine whether this eﬀect was identical or diﬀerent in
the two eyes, here we computed the CV of the standard
deviation of the best-ﬁt plane (plane thickness) for all
Fig. 3. Top view of eye position vectors and best-ﬁt eye position planes during alertness and light sleep in diﬀerent head orientations. (A) The tips of
the position vectors of the left and right eye sampled during 92 s of spontaneous eye movements (gray) lie in (best-ﬁt) planes (- - -) that are almost
parallel with the y-axis, independent of head orientation. (B) Eye positions lie in temporally rotated planes in light sleep. The temporal rotation of the
best-ﬁt position plane of the left and right eye was approximately symmetric relative to the midsagittal plane and independent of head orientation.
Top, middle, bottom row: upright, 80 left ear down, 80 nose up body orientation (monkey SU).
94 J.H. Cabungcal et al. / Vision Research 42 (2002) 89–98
roll orientations. Note that if Hering’s law of equal
innervation is true, then the variability of ocular torsion
should be identical in the two eyes, independent of head
position relative to gravity.
Fig. 6 plots the CVs for data obtained in three ani-
mals during alertness (open symbols) and light sleep
(ﬁlled symbols) for the left (A, black data) and right (B,
gray data) eye. Data are CVs of between 17 and 33 trials
(three animals, repeated measurements in each roll ori-
entation), 1 standard deviation. To determine a pos-
sible modulation of plane thickness as a function of
head roll, we ﬁtted the CVs of plane thickness obtained
in diﬀerent roll orientations with ﬁrst- and second-order
harmonics (black and gray curves in Fig. 6A and B). In
alertness, the CV of plane thickness for both eyes was
weakly modulated with head roll (open symbols in Fig.
6A and B). In light sleep, the CV of plane thickness for
the left and right eye showed a strong modulation as a
function of head roll (ﬁlled symbols). Compared to
alertness, the CV, averaged over both eyes, increased by
a factor of 2.9 in light sleep. In alertness, the CVs of
plane thickness of the left and right eye are not sig-
niﬁcantly diﬀerent (p < 0:092, n ¼ 117). In light sleep,
the left and right eye’s CV diﬀer at head roll orienta-
tions of 40 and 60 (p < 0:05; see asterisks in Fig. 6A
and B).
4. Discussion
In this study, we show that the highly conjugate 3D
eye movements observed in alertness are replaced by
disconjugate slow-drifting eye movements when mon-
keys fall asleep. In light sleep, the best-ﬁt eye position
planes rotate temporally. Although the two eyes are
usually converged, this temporal plane rotation is not
correlated with the amount of horizontal vergence.
Vertical vergence is close to zero in alertness, but large
during light sleep.
Fig. 4. Lack of correlation between temporal plane rotation and
horizontal vergence in light sleep. The temporal rotation of left (A) and
right (B) eye position planes does not correlate with horizontal ver-
gence (linear regression analysis, solid line). Data were obtained in
three upright animals ðn ¼ 61Þ. Bars elongated along the abscissa de-
note 1 standard deviation from mean horizontal vergence. Dark
dashed line: relationship observed between temporal plane rotation
and horizontal vergence during ﬁxation of near visual targets in alert
subjects.
Fig. 5. Instantaneous relation between horizontal orientation of the
eye position vector and horizontal vergence. As in the best-ﬁt plane
analysis, there is no correlation between instantaneous temporal or
nasal orientation of the position vectors of the left (A) and right (B) eye
and instantaneous horizontal vergence (linear regression analysis, solid
line). Same data and line style convention as in Fig. 4.
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4.1. Binocular coordination in alertness and light sleep
The present binocular study conﬁrms and extends
some of the main ﬁndings of an earlier monocular study
on the eﬀect of light sleep on 3D eye movements
(Cabungcal et al., 2001). For instance, in both eyes the
variability of ocular torsion in light sleep is markedly
increased compared to the alert state, which means that
the thickness of the best-ﬁt left and right eye position
planes show a clear increase (Figs. 2, 3 and 6). In our
monocular work, we found that these eye position
planes were always rotated towards the side of the
measured eye. Due to the limitation of the monocular
recording, however, we could not determine whether
this ﬁnding was related to the temporal eye position
plane rotations reported in subjects that are actively
ﬁxating near targets (humans: e.g. Mok et al., 1992;
Minken & van Gisbergen, 1994; Bruno & van den Berg,
1997; monkey: Misslisch et al., 2001). Under these cir-
cumstances, there is a close relationship between tem-
poral plane rotation and the amount of horizontal
vergence, with the plane of each eye turning sideways
and a quarter as far as the vergence angle (L2). Our
present work corroborates that the eye position planes
in light sleep do rotate temporally, i.e. to the left side for
the left eye and to the right side for the right eye (Fig. 3).
Does that mean that the L2 pattern observed in alertness
persists in light sleep? To answer this question, we ex-
amined the relationship between temporal plane rota-
tion and horizontal vergence, demonstrating that no
correlation and thus no L2 pattern exists in light sleep
(Figs. 4 and 5). But why, then, are the eye position
planes in light sleep usually rotated to the temporal side?
We propose that a likely answer involves the ana-
tomical orientation of the rotation axes of the extraoc-
ular muscles (Suzuki et al., 1999). That is, if the neural
innervation of these extraocular muscles becomes un-
coordinated in light sleep, the eyes will just drift around
the mechanically determined rotation axes. To allow for
a direct comparison, we transformed our data into the
same (stereotaxic) coordinate system used by Suzuki et
al. (1999) for their anatomical measurements (see Sec-
tion 2). Fig. 7 plots the anatomical rotation axes of the
vertical (A) and horizontal (B) extraocular muscles of
the right eye (thin arrows) as well as the rotation vectors
of the right eye (gray data) and overlying best-ﬁt planes
(dashed lines) obtained in the same 61 trials (3 monkeys,
upright body orientation) as shown in Figs. 4 and 5.Fig. 6. CV of plane thickness as a function of body roll in alertness
and light sleep. (A, B) Compared to its value in alertness ( ), the CV
of plane thickness of the left and right eye increases by a factor of 2.9
during light sleep ( ). As seen by the second-harmonic best-ﬁt curves,
the CV is modulated by head roll in light sleep but not in alertness.
Data points are means of 17–33 trials; bars denote SD. Asterisks
denote statistical signiﬁcant diﬀerences between the left and right eye
(observed only in light sleep).
Fig. 7. The temporal rotation of the eye position plane can be ex-
plained by random innervation of the six extraocular muscles, given
their anatomically determined (Suzuki et al., 1999) eﬀect on the eye
rotation axis. (A) Top view of the anatomical rotation axes of the
vertical extraocular muscles of the right eye, the experimentally de-
termined eye position vectors (gray dots) and the best-ﬁt (temporally
rotated) eye position plane (- - -). Equal activation of, for instance, the
IR and SO would rotate the eye around the axis labeled IRþ SO,
resulting from vectorial addition of IR and SO. The temporally rotated
eye position plane lies close to the vector sum of IRþ SO, as well as to
the vector sum of SRþ IO. (B) Side view of the orientation of the best-
ﬁt eye position plane indicates that it lies also close to the axis of ro-
tation determined by the horizontal recti muscles, i.e. MR and LR.
Axes of eye rotation, data and best-ﬁt eye position planes are expressed
in the stereotaxic coordinate system used by Suzuki et al. (1999). Same
light sleep data as in Figs. 4–6.
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Looking at the vector representing the axis of eye ro-
tation produced by contraction of the superior rectus
(SR) reveals that this muscle not only rotates the eye
upward (primary action) but also considerably ccw
(secondary action). Similarly, the inferior rectus (IR)
turns the eye in downward and cw direction, but it’s
strength is 125% of the SR (Miller & Shamaeva, 1995);
the inferior and superior oblique (IO/SO), on the other
hand, produce much more torsional (cw/ccw) in com-
bination with vertical (up/down) eye rotation; in addi-
tion, the strength of the oblique muscles amounts to
only 50% of the IR. When the superior rectus and
inferior oblique muscle are activated simultaneously,
their torque axes can be added vectorially (SRþ IO).
The same applies to activation of the IR and SO mus-
cles, yielding the vector sum of IRþ SO. Remarkably,
the plane ﬁtted to the right eye position vectors lies close
to the temporally-rotated SRþ IO and IRþ SO axes.
This ﬁnding suggests that the random innervation of the
eye muscles observed in light sleep makes the eye move
around anatomically determined axes.
A similar pattern can be seen for the horizontal recti
muscles (Fig. 7B). Here, the vector representing the axis
of eye rotation produced by contraction of the medial
rectus (MR) is tilted slightly away, backwards, from the
axis representing a purely leftward eye rotation (Ez).
That is, in the stereotaxic coordinates, the medial rectus
not only rotates the right eye to the left but also some-
what ccw. Similarly, the lateral rectus (LR) turns the
right eye rightward and a bit cw. Again, the experi-
mentally-observed rotation axes in light sleep lie near
the reported anatomical rotation axes of the MR and
LR. One may ask why this alignment is not perfect? The
answer is that we do not expect a perfect alignment.
More speciﬁcally, the anatomical study by Suzuki et al.
(1999) measured the rotation axes for contraction of
each single muscle alone, without an accompanying
contribution of any of the other ﬁve extraocular mus-
cles. We know, however, that in light sleep the inner-
vation to the six muscles becomes uncoordinated such
that each muscle receives random inputs. That is, at any
moment, chances are that more than just one muscle will
be activated so that the average eye rotation axes in light
sleep will result from the common innervation of several
muscles.
Concerning the conjugacy of 3D eye motion in light
sleep, we found some evidence against the yoking of
binocular eye movements. For instance, in the left and
right eye the oculomotor range and average eye position
diﬀered to a large extent, such that the left eye was
mainly looking rightward and the right eye leftward. In
other words, during light sleep the eyes were usually
converged (Figs. 2, 4 and 5). In addition, the range of
vertical vergence increased considerably in light sleep,
indicating that the two gaze lines deviated vertically by
as much as 12. These ﬁndings of horizontal and
vertical misalignment of the two eyes seem to contradict
Hering’s law, which states that each eye receives the
same control signals, one to move conjugately and an-
other one to verge symmetrically.
Recently, there has been increasing evidence against
Hering’s law of equal innervation (King et al., 1994;
King & Zhou, 1995; McConville, Tomlinson, King,
Paige, & Na, 1994; Zhou & King, 1997; Zhou & King,
1998). For example, REM in sleep seem to be largely
disconjugate, with the two eyes misaligned by up to
about 30 horizontally and vertically; in addition,
REMs may be disconjugate or even monocular in both
horizontal and vertical directions (Zhou & King, 1997).
Moreover, the coding of premotor neurons in the
paramedian pontine reticular formation (PPRF) and in
the nucleus prepositus hypoglossi (NPH) has been
shown to be monocular rather than binocular (Zhou &
King, 1998), violating Hering’s law of equal innervation.
But if the control of the left and right eye is independent,
why do we generally see a fair coupling in the horizontal
and vertical motion of the two eyes (Fig. 1B)?
To answer this, we have to consider that although the
premotor neurons seem to be predominantly monocu-
lar, the (abducens) motor neurons that innervate a single
eye may be related to the activity of either that eye alone
(one-third of the population) or, surprisingly, of both
eyes (two-third of the population; Zhou & King, 1998).
Further, Zhou and King proposed that, in frontal-eyed
animals, premotor monocular commands converge on
motor neurons, thus allowing for binocular coordina-
tion. Finally, the near response cells in the mesenceph-
alon also receive input from the fusional vergence
system that accurately aligns the two eyes. Given that
there exists a certain degree of hardwired binocular co-
ordination in the oculomotor pathways, it may be not
too surprising that periods of light sleep with uncoor-
dinated neural commands show a loss of binocular
alignment but maintain fairly coupled binocular eye
movements.
In agreement with previous work, we found that
ocular torsional variability increased by about 300% in
both the left and right eye (Suzuki, Kase, Kato, &
Fukushima, 1997; Cabungcal et al., 2001). Here we
show that the CV of the torsional variability diﬀers
signiﬁcantly between the left and right eye in light sleep
(at 40 and 60) where a second harmonic contri-
bution of static head roll became prominent (Fig. 6).
Interestingly, signals from the utriculus are modulated
by the ﬁrst harmonic of head roll orientations, whereas
signals from the sacculus are proportional to the second
harmonic of head roll, with the contribution of the latter
being maximal in 54 ear-down orientation (if the con-
tribution of the ﬁrst and second harmonic were equal in
amplitude; Fernandez, Goldberg, & Abend, 1972; Fer-
nandez & Goldberg, 1976). The diﬀerent eﬀect of sac-
cular signals on ocular torsion of the left and right eye
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revealed in light sleep suggests that the eﬀect of these
signals on binocular eye position may disrupt Hering’s
principle of equal innervation.
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